 micro resonators have enabled compact and portable frequency comb generation, but require sophisticated dispersion control. Here we demonstrate an alternative approach using a (2)  sheet cavity, where the dispersion requirement is relaxed by cavity phase matching. 21.2 THz broadband comb generation is achieved with uniform line spacing of 133.0 GHz, despite a relatively large dispersion of 275.4 fs 2 /mm around 1064nm. With 22.6 % high slope efficiency and 14.9 kW peak power handling, this (2)  comb can be further stabilized for navigation, telecommunication, astronomy, and spectroscopy applications.
Coherent radiation with pristine frequency spacings, or optical frequency comb, is a ruler in optical frequency, which leads to the revolutionary precision metrology. It provides a direct link between microwave and optical frequencies [1] and can be utilized as an optical clockwork with unprecedented stability [2] , and leads to broad applications in navigation [3] , telecommunication [4, 5] , astronomy [6, 7] , and spectroscopy [8] [9] [10] [11] [12] [13] . These applications benefit from miniaturized comb sources for portable devices with high beat note frequencies, which are not offered with the conventional mode-locked laser sources, but may be fulfilled by the recent development of micro optical parametric oscillators (µOPO).
So far, most researches have been focused on the micro-ring µOPO with third order nonlinearity (3)  [14] [15] [16] [17] [18] [19] [20] . A high quality factor (Q) is the key for the enhancement of the relative weak third-order parametric processes in these micro-ring µOPOs to lower the parametric threshold. However, such high Q also makes the phase matching condition strict, because the effective nonlinear interaction length increases as the Q value scales up. Therefore, the dispersion needs to be perfectly engineered over a large comb span, which is normally a challenge for the µOPOs, and limit the comb central wavelength for a given material. On the other hand, parametric oscillation can also be generated using second order nonlinearity (2)  [21] [22] [23] [24] [25] [26] [27] [28] , which is much stronger than (3)  and reveals a new approach for µOPO comb. Our experimental and other earlier theoretical works show that the cavity phase matching (CPM) [29] [30] [31] [32] [33] [34] [35] can be realized in doubly-resonant (2)  Fabry-Perot micro-cavities [36] , where the strict material phase matching is not necessary, as the phase mismatch is corrected by the total reflection on the cavity mirrors at each roundtrip. Although the effective nonlinear interaction length can still be greatly extended while Q increases, CPM condition only depends on the cavity length, and results in a large bandwidth.
Here such large CPM bandwidth plays a crucial role in this first (2)  comb demonstration with a monolithic sheet cavity. Two types of optical parametric oscillators (SOPOs) are fabricated with different cavity lengths. Broad comb spans are achieved from these SOPOs through a (2)  CPM optical parametric down conversion process, which exceed 21. As first proposed by Armstrong et al. in 1962 [29] and our earlier experimental demonstration [35, 37, 38] , the sub-coherence-length Fabry-Perot nonlinear cavity can generate the second-order nonlinear process by cavity phase matching. The π phase shift gained from the reflection on the cavity mirrors compensates the phase mismatch of the light waves when they recirculates inside the cavity [33, 35] , as the pump light is always in phase with the signal and idler when they recirculating inside the sheet cavity. Efficient frequency conversion can be achieved if the following first-order CPM condition is satisfied.
Where lCav is the cavity length, Coh l is the coherence length of the three wave coupling, and p k , s k and i k are the wave vectors of pump, signal and idler, respectively. The effective nonlinear coefficient is given by:
In a doubly-resonant SOPO, both CPM and longitudinal mode matching conditions need to be satisfied for the resonance modes. Despite the large CPM bandwidth, the longitudinal mode matching results in strong frequency mode selectivity of the parametric beams. As shown in our previous work, tunable single-longitudinal-mode parametric oscillation can be achieved for SOPO with nondegenerate signal and idler modes either in polarization or in frequency. In this study, however, degenerate type-I CPM SOPO is chosen so that more than one pair of modes can be excited at the same time. As is shown CPM process is designed to be phase matched between the z-polarized pump at 532 nm and x-polarized parametric beams centered around 1064 nm. Based on the temperature dependent Sellmeier equation [39, 41] , simulations show that the above parametric down conversion process can be naturally phase matched at 114 C o , and CPM can be used for extending the phase matching bandwidth, which is necessary for the comb generation. Fig. 1b shows the calculated coherence length in comparison to the cavity lengths (marked with red and blue lines) in the wavelength range from 900 nm to 1300 nm. It also includes the dEff calculation for both SOPOs based on Eq. 2. According to Eq. 1, CPM bandwidths of 351 nm and 183.1 nm can be expected for the above two SOPOs, respectively.
In our experiment, the SOPOs are pumped by a single-longitudinal-mode frequency-doubled yttrium-aluminum-garnet laser (Powerlite, Continuum, Santa Clara, CA), with pulse duration of 10 ns and repetition rate of 10 Hz. A solid pinhole is put inside the laser cavity to purify the transverse mode.
The output is focused onto another pinhole for further selecting the 00 TEM mode, and imaged onto the SOPO with a beam full width half maximum of 500 µm . The SOPO is embedded in a temperature-controllable oven with an accuracy better than 10 mK. The natural phase matching temperature for our SOPO is measured to be 111 C , which is in good agreement with the theoretical value. We scan the temperature around 111 C , and parametric oscillation output can be observed once the pump frequency is matched with the cavity modes for signal and idler. The single shot spectrum of the output is captured by a CCD-camera spectrometer (Acton 500, Princeton Instrument). As shown in Fig. 2a, b Fig. 2d . The maximum conversion and slope efficiency are calculated to be 13.6 % and 22.6 %, respectively. Under the condition of maximum output, the peak power of 14.9 kW can be calculated considering the measured 5.5 ns pulse width.
The uniformity of the comb spacing is the key feature of an optical frequency comb, and here it is studied in both experimental and theoretical approaches. process with pump light for locking the #(i+2) line, and cascade over the whole comb span to lock the comb at one uniform spacing.
In the experiment, we use pulsed pump to demonstrate for first (2)  micro resonator comb generation in SOPO. The pulse profile limits the temporal uniformity, as well as the spectral resolution.
With continuous-wave (CW) pump, the temporal and spectral noise may be further reduced, and it is confirmed in our simulation (For details, see supplementary information III). As shown in Fig. 4a , we scan the pump detuning  at different pump levels to search for the lowest comb noise, where 0 2 p  = −  and 0  is the central cavity resonance frequency. The comb intensity noise shows similar behavior as the detuning changes at different pump power, and the lowest noise can be achieve when 193MHz
 − = at 12 kW pump. We plot 266 repetitions of the temporal waveforms under above condition and the result is shown in Fig. 4b , and it can be found that these waveforms match each other very well. In fact, they are matched so well that we have to visually see them in the relative noise plot in Fig. 4c , and the relative noise is less than 0.13%.
The spectral behavior of the SOPO comb is also studied, and Fig. 4d is the simulated comb spectrum, with over 50nm span. Fig. 4e shows the simulation result of RF beat-note around the repetition frequency of 133.06 GHz, and the linewidth is fit to be 1.67 MHz. Such linewidth and the side band floor are limited by our simulation capability of 600ns waveform length, as proven by the comparison with the theoretically beat-note spectrum in the red line.
Our simulation shows a high CW oscillation threshold of 10 kW level for a bulk crystal SOPO used in the current experiment setup, which makes the CW pump impractical. However, the SOPO comb generation is possible with higher-Q and especially in waveguide devices, where the tight mode confinement further enhances the strong nonlinear interaction, thereby reducing the oscillation threshold, and the tailorable dispersion curve can result in a broader comb bandwidth. Our estimation shows that milliwatt-level CW-operation threshold can be achieved with a 500 µm long Lithium Niobate SOPO waveguide cavity [41] [42] [43] of 10 6 Q.
In conclusion, we have demonstrated the first micro-resonator frequency comb generation based on second-order nonlinearity in a sheet optical parametric oscillator. The cavity phase matching plays a key role in mitigating the stringent phase matching condition imposed by a high-Q cavity and helps achieving a broader comb bandwidth up to 21.2 THz. The slope efficiency and peak output power exceed 22.6 % and 14.9 kW. Comb lines are measured to be equally spaced within the accuracy of the wavelength meter, 40 MHz (or 160 MHz in for comb lines #21-24), suggesting the possibility for a further active comb stabilization. The experimental results are also supported and confirmed by our computer simulations, which also reveal the capability of a broad-band low-noise comb generation with CW pump. Therefore, this new (2)  SOPO platform is a promising candidate for portable integrated optical frequency comb generation, which is required in navigation, communication, astronomy, and spectroscopy applications.
Note added. Recently we notice a related publication from S. Mosca et al. [44] in the latest journal of PRL after our resubmission. The authors independently demonstrate the (2)  -based comb in a ring cavity configuration. 
